With the aim of developing a standardized program of clonogenic cultures, a multicenter intercomparative study of human CFU-GM, BFU-E and CFU-GEMM cultures was conducted. Aliquots of fresh mononuclear cord blood cells, as well as uniform culture materials and instructions for cell culture and for colony scoring were distributed to 28 national laboratories involved in hematopoietic research and transplantation. High interlaboratory coefficients of variation (CV) in the reported number of progenitors were found in our first intercomparative study (range 67-231%). To investigate the relevance of colony scoring in variations of the reported colony numbers, participants were invited to attend a meeting where a single culture dish was scored. In this case, the CVs ranged from 31% to 81%. A subsequent intercomparative assay was then conducted, and significant reductions in the inter-laboratory CVs were obtained with respect to the first study (CVs for colonies grown with two different media: CFU-GMs, 48% and 55%; BFU-Es, 70% and 62%; CFU-GEMMs, 70% and 51%; respectively). In most instances CVs were not significantly different from those obtained in the single plate scoring study, suggesting that the scoring process was the most relevant parameter accounting for variations in the reported colony numbers. Keywords: clonogenic cultures; multicentric intercomparison; hematopoietic progenitors; standardization The finding, about 30 years ago, that the hematopoietic progenitors could be assayed by clonogenic cultures 1,2 has resulted in one of the most helpful tools in modern hematology. In the field of hematopoietic transplantation, in vitro cultures are widely used for evaluating the functional abilities of grafts for transplantation into recipients.
The finding, about 30 years ago, that the hematopoietic progenitors could be assayed by clonogenic cultures 1,2 has resulted in one of the most helpful tools in modern hematology. In the field of hematopoietic transplantation, in vitro cultures are widely used for evaluating the functional abilities of grafts for transplantation into recipients. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although flow cytometry now offers the possibility of rapidly estimating the quality of the grafts by quantifying CD34 + cells, [13] [14] this technology provides complementary rather than alternative information to that offered by in vitro assays. 15 This is most evident when considering the proliferative integrity of clonogenic progenitors, a population which only represents a subset -less than 30-40% -of the CD34 + pool. [16] [17] [18] Besides the field of hematopoietic transplantation, in vitro culture technology also constitutes a routine tool for researchers working in molecular hematology and gene therapy, since it provides essential information regarding the functions of new cloned genes in hematopoietic regulation.
Because of the vast number of groups using clonogenic assays nowadays, a wide variety of culture procedures and stimulatory sources are frequently described in the literature. 19 In addition to this, the criteria for scoring colonies, and even the subjective interpretation of these criteria frequently vary between groups. 20, 21 Obviously, the influence of all these parameters results in important differences in the seeding efficiency reported by different laboratories, thus accounting for remarkable uncertainties in estimating, for example, the number of colony-forming units (CFUs) to be considered in hematopoietic transplantation. 7, 9, [22] [23] [24] [25] The development of new biotechnology companies producing defined culture media now offers the possibility of using standardized culture conditions, something which will most probably improve the reproducibility of results related to the culture of hematopoietic progenitors, 26 albeit at the expense of increasing the costs of cell culture laboratories.
With the aim of initiating a national program of standardization of clonogenic cultures, we have conducted a multicenter intercomparative study of in vitro cell cultures, which involved a total of 28 laboratories from 27 different institutions working on basic and clinical hematopoietic research. In particular, we have focused our interests on the standardization of human CFU-GM, BFU-E and CFU-GEMM assays. For this purpose, we distributed to each of the participants an aliquot obtained from a test sample of cord blood, the same batch of semisolid culture media, and all the rest of materials and instructions for performing the cultures and scoring the colonies.
The results obtained by the participating laboratories and the main sources of discrepancy are presented in this study, which reveals the importance of performing multicentric programs of intercomparison for facilitating the establishment of extensively accepted reference values of progenitors in the fields of hematopoietic transplantation and basic hematology research.
Materials and methods

Preparation of cord blood cells
Cells were obtained from umbilical cord blood scheduled for discard after a normal full-term delivery, and following the informed consent of the mother. Samples were collected at dawn and processed within the next 12 h. Mononuclear cells were obtained by layering the blood on to FicollHypaque (1.077 g/ml), followed by centrifugation at 400 g for cultures at 5 × 10 4 cells/dish) and, in the second intercomparison, also the corresponding two tubes with medium B. Cell and medium samples were packaged so that they remained fresh for at least 24 h. In addition, 35-mm culture plates (Nunc, Roskilde, Denmark), 10-cm plates (Nunc) and tubes with sterile water were also sent. To prevent differences in the viability of the progenitors during the distribution of the packages from playing a significant role in the study, the time of delivery of the samples was limited to 24-36 h. Earlier studies have shown that the viability of the progenitors within this time is above 80%. 27 All the laboratories received uniform culture procedures which consisted of instructions for diluting the cell suspension (1:10 with the semisolid media); seeding instructions (cells were seeded by quadruplicate at 10 4 and 5 × 10 4 cells/plate; groups of two culture dishes together with one dish with water for humidity were placed inside each 10 cm dish); and incubation instructions (14 days at 37°C, 5% CO 2 and 100% humidity). In the first intercomparison, CFU-GEMM colonies were also scored on day 21 of incubation. These data, however, did not reveal additional information with respect to that obtained at day 14, and therefore were not included in the Results section. The criteria for scoring the different types of colonies were also unified. CFU-GM colonies were defined as aggregates of at least 50 cells; BFU-E colonies as single aggregates of more than 50 hemoglobinized cells or aggregates of at least three clusters each containing at least eight hemoglobinized cells. Finally, CFU-GEMM colonies were defined as hemoglobinized colonies containing cells of at least two lineages. The information obtained by each laboratory, including the scoring data together with information regarding the incu- Table 1 Mean number of colonies and inter-laboratory and inter-plate coefficients of variation corresponding to the first intercomparative study, the single plate scoring study and the second interlaboratory study (see individual data in Figures 1-3 bator conditions and instances of eventual contamination, was submitted to a central laboratory for analysis. Six months after the first intercomparative study a meeting with the participating laboratories was held. At this meeting all the participants were invited to score the same culture dish (seeded with 10 4 mononuclear cord blood cells in Methocult GF4434). A general discussion was also opened, focused on the personal interpretation of the preestablished scoring criteria. One year after the first study, a second intercomparative study was arranged.
Statistical methods
Quadruplicate seeding generated four individual readings for each progenitor assayed. Means and standard deviations corresponding to readings of CFU-GM, BFU-E and CFU-GEMM were calculated for each laboratory. From the analysis of these results a global mean and standard deviation was calculated for each progenitor, and an interlaboratory coefficient of variation was calculated. The hypothesis of a normal distribution was tested with the Kolmogorov-Smirnov test, and was not rejected in any case. Mean values which were outside of a 99.9% confidence interval were considered as outliers. After the exclusion of the outliers, a corrected mean was calculated. The results corresponding to each laboratory were also analyzed with respect to its own mean, and an inter-plate coefficient of variation was calculated for each progenitor. The relationship between the inter-laboratory and inter-plate means and their coefficient of variation were calculated with the Pearson correlation coefficient and their corresponding hypothesis test. To compare the inter-laboratory coefficient of variation of the three different studies (first intercomparative study, single plate scoring analysis and second intercomparative study), an asymptotic test was used, the null hypothesis being the equality of such coefficients. 28 All null hypotheses with P Ͻ 0.05 were rejected. The processing and statistical analysis of the data were performed using SPSS V6.01 (SPSS, Chicago, IL, USA). The routines for the asymptotic tests were programmed for this purpose.
Results
First intercomparative study
Twenty-six different laboratories from bone marrow transplantation units, transfusion centers and research institutions participated in this first study. The results from two laboratories were not considered in the analysis of the results because of an inappropriate incubation of the plates in one case and because of not scoring the colonies at the specified incubation period in the other one.
The data corresponding to the number of CFU-GM, BFU-E and CFU-GEMM colonies reported by each center are shown in Figure 1 . The analysis of these data is summarized in Table 1 which shows that a high inter-laboratory coefficient of variation (CV) was obtained in most cases (range 67-231%). When a confidence interval (CI) of 99.9% was considered and the outliers excluded, a corrected mean (Xc) was obtained for each of the six culture scoring. In most instances, the application of this CI implied a reduction of the mean values, indicating that over-estimation was the main cause of discrepancy in the reported values.
From the questionnaire received from the participants it was noted that all the laboratories performed an external calibration of the incubator's temperature, while only 26% and 4.5% of the participants calibrated the CO 2 and the humidity of the incubators, respectively. Although it could be suspected that values within the CI might not represent an optimized growth of colonies, all the laboratories whose results were always within the CI -or reported only one result out of the CI -had controlled the incubator CO 2 . This observation, together with the fact that five out of the six laboratories which reported colony numbers always below the CI did not calibrate the CO 2 suggests that values within the CI represent an optimized growth of the progenitors (data not shown).
Given that deficiencies in the viability of the sample or in the incubation of the cultures should generate poor growth of the colonies, thus leading to outliers by low scoring, the most marked discrepancies observed in this studythe over-estimated values -ought to be mainly consequencial to differences in the interpretation of the pre-defined scoring criteria. In particular, our data strongly suggest a marked tendency of some laboratories to score more colonies than those defined by the pre-established scoring criteria.
The analysis of inter-plate CV indicated that 100% of the laboratories whose readings were always within the interlaboratory CI (12% of the laboratories) also had all the inter-plate CVs below the corresponding CV mean. This was only the case in 19% of the laboratories whose results were outside of the inter-laboratory CI in two or more colony assays (not shown), suggesting that the capacity of the laboratories for generating accurate results (data within the inter-laboratory CI) and precise results (inter-plate CV below the mean inter-plate CV) are closely related.
Since the interpretation of the scoring criteria was identified as the parameter which might contribute most significantly to the discrepancies of the reported results, all participants were invited to attend a meeting aimed at unifying the individual interpretations of the pre-established scoring criteria.
Single plate scoring study
Twenty-one out of the 26 laboratories which participated in the first study attended this meeting in which the individual interpretation of the scoring criteria was discussed with the help of slides representing ambiguous colonies. The meeting also offered the possibility of analyzing the CV associated with the scoring of a single plate seeded 14 days beforehand with 5 × 10 4 mononuclear CB cells. Participants from 19 laboratories were involved in the scoring of this plate. In 76% of the cases the reader coincided with the reader involved in the first study, while in the remaining cases it was a colleague from the same laboratory who performed the scoring.
The individual results and the analysis of the data are shown in Figure 2 and Table 1 , respectively. The CV obtained for the CFU-GM colonies was now relatively low (31%). When the BFU-E and the CFU-GEMM colonies were considered, CVs of 46% and 81% were respectively obtained. It should be noted, however, that an abnormal morphology of the CFU-GEMM colonies was detected in this particular culture (not shown).
In contrast to the results obtained in the first intercomparative study, no systematic reductions of the mean were produced as a result of the application of a CI of 99.9% and the exclusion of the outliers (see Table 1 ). Given that the scoring of the colonies by the participating laboratories was performed throughout the discussion session (some laboratories scored the colonies prior to the discussion of the scoring criteria with others during or after it), we could not postulate, at this stage, whether the elimination of this systematic error was a consequence of the discussion session or not. In order to evaluate the extent to which more uniform scoring results were obtained as a result of the above mentioned work, a second intercomparative study was conducted.
Second intercomparative study
Twenty-seven laboratories entered into this study. In two cases the results could not be considered because of problems in the delivery of the samples. Figure 3 (Ͻ1.53/plate for CFU-GMs, Ͻ1.24/plate for BFU-Es and Ͻ0.18/plate for CFU-GEMMs). Therefore, the analysis of the data was only carried out with cultures established at 5 × 10 4 cells/dish. In this intercomparison, the inter-laboratory CVs (range 48-70%) were significantly reduced when compared to the first study (range 67-231%), revealing an improved reproducibility of the assays (see Table 1 ). As shown in Table 2 , the CVs of the second intercomparative study were generally not statistically significant with respect to those obtained in the single plate scoring assay. Like the single plate scoring study, and regardless of the medium used, only minor changes in the mean readings were produced because of the exclusion of the outliers, suggesting that no systematic errors -as those postulated in the first studyhad been produced in this intercomparison.
According to the questionnaire received from the participants it was seen that 88% of the participants had now verified by external control the temperature of the incubator, 52% calibrated the CO 2 concentration and 12% the humidity of the incubators. In contrast to the observations made in the first study, no relationships could be found between the laboratories which had calibrated the incubator parameters and those which reported data within or outside the CI (not shown).
As with the inter-laboratory CV data, the mean interplate CV values of this second intercomparison were consistently lower (range 24-67%) with respect to those obtained in the first one (range 38-85, see Table 1 ), showing an improvement in the precision of the results reported by the individual laboratories. Correlations between the inter-laboratory and inter-plate CVs were not found in this study. No correlation between the mean number of colonies per dish and the corresponding CV was found in any of the two intercomparison assays (correlation coefficients ranged from r: −0.03 to r: −0.39).
Discussion
Hematopoietic clonogenic assays are one of the most widely used technologies for evaluating the function of human hematopoietic grafts. As already shown, there is a consensus in that the transplantation of grafts containing high numbers of CFU-GMs generally results in a rapid engraftment of the recipient. However, the precise number of progenitors which is required to prevent delays of engraftment is not well defined. 18 Obviously, the accurate and precise quantification of hematopoietic progenitors by means of in vitro assays requires both technical optimization and personnel qualification. To our knowledge, our study represents the first attempt to evaluate differences in CFU-GM, BFU-E and CFU-GEMM numbers between laboratories using the same materials and standardized procedures of cell culture. Although in some instances more precise data has been obtained for CD34
+ cell analyses as compared to CFU-GM determinations, 20 a wide range in CD34 results -similar to those obtained in our CFUstudy -have been reported in different intercomparative studies. [29] [30] [31] [32] [33] As shown in our work for CFU determinations, these studies also revealed the importance of the implementation of a standard protocol for reducing the variability of CD34 analysis.
As shown in Table 1 , high inter-laboratory CVs of CFUGMs, BFU-Es and CFU-GEMMs were obtained in the first intercomparison study (range 67-231%). In agreement with the study of Lumley et al 21 in which fixed CFU-GM colonies were scored by 11 laboratories, the colony counting was identified in this first intercomparison as the main source of variation in the results. It was of significance from our single plate scoring analysis that a CV of 31% was obtained for the CFU-GM colonies, very similar to the CV obtained in the above mentioned study (36.5%). Taken together, these two sets of data suggest that the inherent variation of the scoring process of CFU-GM colonies must be close to 35%.
The significant difference between the inter-laboratory CVs observed in the first and second intercomparisons (Table 2 ) reveals the relevance of discussing written protocols of cell culture and colony scoring with the participating laboratories, something which must be carefully taken into account by laboratories not currently involved in intercomparison studies. It is remarkable that the inter- 
Table 2
Statistical significance of differences between the inter-laboratory coefficients of variation in the second intercomparative study with respect to the first intercomparison and the single plate scoring study 
A and B: progenitors cultured in medium A and B; 1 and 2: 10 4 and 5 × 10 4 cells/dish. NS = not statistically significant. All the comparisons between the CFU-GEMM of the three studies were NS. laboratory CVs obtained in the single plate scoring assay were very similar to those obtained in the second intercomparison study (Table 2 ) suggesting that differences in the growth of the progenitors does not markedly contribute to deviations in CFU determinations, at least when standardized operating procedures (including stimulatory media, and procedures for cell culture and colony scoring) are followed. On the other hand, this suggests that, in spite of the training of the participants, the scoring process is the parameter which most significantly accounts for variations in CFU data reported by laboratories which follow standardized procedures.
According to the results presented in this study, CVs of at least 50% are implicit in CFU determinations, something which should be taken into account when considering CFU numbers for hematopoietic transplantation. Since similar CVs have also been reported for CD34 determinations, [29] [30] [31] [32] [33] further efforts should be made in the future for establishing unified reliable reference values of progenitors in hematopoietic transplantation and research. In this respect, our study reveals the feasibility of performing large intercomparative studies of hematopoietic cell culture involving a large number of laboratories, all of them using fresh aliquots of the same hematopoietic sample, the same culture materials, and unified protocols of cell culture.
